We report the in-plane thermal conductivity of suspended exfoliated few-layer molybdenum disulfide (MoS 2 ) samples that were measured by suspended micro-devices with integrated resistance thermometers. The obtained room-temperature thermal conductivity values are (44-50) and (48-52) W m À1 K À1 for two samples that are 4 and 7 layers thick, respectively. For both samples, the peak thermal conductivity occurs at a temperature close to 120 K, above which the thermal conductivity is dominated by intrinsic phonon-phonon scattering although phonon scattering by surface disorders can still play an important role in these samples especially at low temperatures. Molybdenum disulfide (MoS 2 ), one of the transition metal dichalcogenides, has attracted considerable interest recently as one of the candidate materials for future-generation electronic devices. Compared to two-dimensional (2D) graphene that lacks an intrinsic electronic band gap, the 2D layered MoS 2 exhibits a thickness-dependent band gap, which is indirect for the bulk crystal and becomes a direct gap for monolayer MoS 2 due to quantum confinement.
We report the in-plane thermal conductivity of suspended exfoliated few-layer molybdenum disulfide (MoS 2 ) samples that were measured by suspended micro-devices with integrated resistance thermometers. The obtained room-temperature thermal conductivity values are (44-50) and (48-52) W m À1 K À1 for two samples that are 4 and 7 layers thick, respectively. For both samples, the peak thermal conductivity occurs at a temperature close to 120 K, above which the thermal conductivity is dominated by intrinsic phonon-phonon scattering although phonon scattering by surface disorders can still play an important role in these samples especially at low temperatures. Molybdenum disulfide (MoS 2 ), one of the transition metal dichalcogenides, has attracted considerable interest recently as one of the candidate materials for future-generation electronic devices. Compared to two-dimensional (2D) graphene that lacks an intrinsic electronic band gap, the 2D layered MoS 2 exhibits a thickness-dependent band gap, which is indirect for the bulk crystal and becomes a direct gap for monolayer MoS 2 due to quantum confinement. 1 Besides the sizable electronic band gap, 2 which is needed for achieving a high on-off ratio of a field effect transistor, other attractive properties of 2D MoS 2 layers include high electron mobility, 3 strong spin-orbit coupling, 4 valley polarization, 5 photoluminescence, 6 and mechanical strength, 7 which are appealing for electronic, spintronic, optoelectronic, and flexible devices. 3, 8, 9 For materials used in high-performance electronic devices, high thermal conductivity is desirable for spreading the locally generated Joule heat so as to reduce the local hot spot temperature. This need has motivated a number of studies of the anisotropic thermal transport properties of 2D graphene and hexagonal boron nitride (h-BN) that are investigated as potential electronic materials. These past studies have clarified the phonon transport mechanisms behind the thickness-dependent and environmentsensitive thermal conductivity of few-layer graphene [10] [11] [12] and h-BN. 13 In comparison, the size and temperature dependences of the basal plane thermal conductivity of other 2D layered materials including MoS 2 remain mostly unknown, despite several recent theoretical calculations [14] [15] [16] [17] as well as experiments based on micro-Raman thermometry 18, 19 and timedomain thermal reflectance measurements 16 of MoS 2 samples above room temperature.
Here, we report the basal-plane thermal conductivity of four-and seven-layer MoS 2 samples measured with the use of a suspended device in the temperature range between 40 and 350 K. The obtained thermal conductivity is (44-50) and (48-52) Wm À1 K À1 at room temperature for the 4 layer and 7 layer samples, respectively. For the two samples, the peak thermal conductivity is observed at a temperature close to 120 K, above which the measured thermal conductivity is dominated by intrinsic phonon-phonon scattering although phonon scattering by surface disorders can still play an important role in these few-layer MoS 2 samples.
The suspended device used in the current measurement is similar to those developed for thermal and thermoelectric measurements of nanotubes, nanowires, and ultrathin films. 20 One challenge in such measurements is in the assembly of the nanostructure samples on the micro-device to bridge the two suspended SiN x membranes with built-in serpentine Pt resistance thermometers. A sample transfer technique based on a polymethyl methacrylate (PMMA) carrier layer was developed for the assembly of graphene and h-BN samples. 13, 21 As the PMMA layer was found to leave residual contamination on the graphene and h-BN sample surfaces, a home-built micromanipulator tip was recently used to transfer vertically grown Bi 2 Te 3 nanoplates directly to the suspended device without the need of the PMMA transfer layer. 22 Because the few-layer MoS 2 samples were exfoliated from natural MoS 2 crystals (SPI 429MM-AB) on a silicon wafer with 290 nm thermally grown oxide, we found it difficult to pick them up directly with the micro-manipulator tip, and had to resort to the PMMA-assisted transfer technique. In addition, although the mechanical strength of MoS 2 was reported to be 3 times stronger than that of steel, 7 the yield in successful suspension of single-and few-layer MoS 2 samples on the measurement device was found to be relatively low compared to our prior experiments with few-layer graphene and h-BN. Consequently, we modified the measurement device to incorporate two SiN x connecting bars between the two suspended membranes, as shown in Figs. 1(a) and 1(b), so as to increase the structural stability and the yield of the PMMA-assisted aligned transfer method, which is described in details in a prior publication. 13 This approach has allowed us to obtain the two suspended few-layer MoS 2 samples shown in Figs. 1(a) and 1(b). The straight edges of the samples were the result of exfoliation without any etching process to define the suspended width. After the PMMA carrier layer on the sample was dissolved in acetone, the sample was annealed at a temperature of 400 K overnight in an evacuated cryostat as an attempt to minimize PMMA residues left on the sample surface prior to thermal measurement. After thermal measurements were completed, the crystal structure of the two few-layer MoS 2 samples assembled on the suspended device were characterized by transmission electron microscopy (TEM). According to TEM images of the folded edges, Figs. 2(a) and 2(b), the thickness of the two MoS 2 samples is determined to be 4 and 7 layers, or 2.5 and 4.3 nm, respectively. The suspended area is 3 lm long and 5.2 lm wide for the 4 layer sample, and 8 lm long and 2.2 lm wide for the 7 layer sample. As in Fig. 2 (a), we sometimes observe an amorphous-like layer, which is likely caused by PMMA residues as has been reported for previous works in graphene 21 and h-BN, 13 and also possibly native oxide of MoS 2 . The high-resolution TEM image of Fig. 2 (c) obtained from a flat region of the suspended 4 layer MoS 2 sample shows the high-quality lattice structure. As illustrated in Fig. 2(d) , the selected area electron beam diffraction (SAED) pattern obtained from the 4 layer sample produces only one single set of hexagonal Bragg reflections. This finding reveals that the exfoliated few-layer sample is single crystalline within the minimum effective aperture diameter size of $0.8 lm used to obtain the SAED pattern, and the layer stacking is highly ordered and consistent with 2H-MoS 2 crystals. The observed crystal size in these exfoliated MoS 2 samples is much larger than those of thin film samples that are grown by sputtering 16 and vapor-phase grown MoS 2 films 18 that have been used for thermal conductivity measurements. The thermal conductance between the two SiN x membranes was measured according to an established procedure described in details in a previous publication. 20 For the two MoS 2 samples shown in Figs. 1(a) and 1(b) , the measured thermal conductance consists of contributions from both the suspended MoS 2 and the two connecting SiN x bars. For the 4 layer MoS 2 sample ( Fig. 1(a) ), the thermal conductance of the two connecting SiN x bars, G cb , was measured after the MoS 2 sample was removed by focused ion beam cutting. For the 7 layer MoS 2 sample ( Fig. 1(b) ), G cb was measured with another blank device with the same dimension and without a sample bridging the two suspended membranes. Figure 3(a) shows the measured thermal conductance with and without the MoS 2 samples bridging the two membranes of the measurement device. The difference between the two measurement results at the same temperature is attributed to the thermal conductance (G s ) of the MoS 2 sample. At room temperature, the G s /G cb ratio is about 2.3 and 0.4 for the 4 layer and 7 layer sample, respectively.
The measured sample thermal resistance, R s ¼ 1/G s , consists of contributions from the diffusive thermal resistance of the suspended region of the sample, R d , the thermal contact resistance between the sample and the two membranes, R c , 23, 24 and the internal thermal resistance of the two membranes, R m . 25, 26 Based on a fin model of the contact thermal resistance, 23, 27 
where g i is the thermal interface conductance per unit area between the MoS 2 sample and the two membranes, j is the thermal conductivity, w is the width, t is the thickness, and L s , L c,1 , and L c,2 are the lengths of the suspended region and two contacts of the MoS 2 on the membranes, respectively. The first and second terms of the right hand side of Eq. (1) are R d and R c , respectively. In Eq. (1), R m is caused by the temperature difference between the contact area and the Pt serpentine resistance thermometer, 20, [25] [26] [27] and has been obtained from a numerical calculation of the temperature distribution in the measurement device for the case of g i ¼ 1 and infinite thermal conductivity for the suspended segment and finite j of the supported segment of the MoS 2 sample. In the numerical calculation carried out with a finite element software (COMSOL), the thermal conductivity of the Pt line has been obtained from the measured electrical resistance and dimensions according to the Wiedemann-Franz law, and is used further to obtain the thermal conductivity of the SiN x layer based on the measured thermal resistance (R b ) of the suspended Pt/SiN x beam. At each temperature, the calculation obtains R m ¼ R b (DT h À DT s )/DT s , where DT h and DT s are the average temperature rises in the two Pt serpentines when one of them is electrically heated. Figure 3(b) shows the calculated R m as a function of temperature for the two measurement devices. While the obtained R m can be ignored in comparison to the R s values in the range of 10 7 -10 10 K W À1 measured for nanowire and nanotube samples in prior works, it is only one order of magnitude smaller than the R s value of 5.6 Â 10 6 K W À1 measured for the 4-layer sample at room temperature, and the room-temperature R s value of (1.75 À 7.62) Â 10 6 K W À1 measured for the two bi-layer graphene samples measured in a previous work. 21 Hence, the calculated R m has been included in Eq. (1) during the data analysis.
We have not found thermal interface conductance measurement results for MoS 2 . Based on the available literature g i data for 2D materials, the highest and lowest g i data are from those measured for few-layer graphene encased in SiO 2 and few-layer h-BN transferred onto suspended Pt/SiN x devices with a PMMA-assisted method. 13 These two data sets are shown in Fig. 3(c) . Polynomial fitting of these two temperature-dependent g i data sets yields
, where T is the absolute temperature. If this g i range is used, Eq. (1) can yield a range of j values for the two samples, as shown in Fig. 4 . For the 4-layer sample, the obtained R c /R s ratio reaches a maximum value of 14% and a minimum value of 2% at room temperature, as shown in Fig. 3(d) . In comparison, the maximum and minimum R c /R s values are 8% and 1% for the 7-layer sample at room temperature.
An important question on the basal plane thermal conductivity of few-layer 2D materials is the thickness dependence. For clean suspended few-layer graphene, a theoretical calculation 29 and an experiment 30 have both suggested that the basal plane thermal conductivity decreases with increasing layer thickness because inter-layer interaction results in increased phonon scattering in the graphene layers inside multi-layer graphene and graphite. In contrast, the basal-plane thermal conductivity values of few-layer graphene and h-BN in contact with amorphous support or polymer residues, [10] [11] [12] [13] 21, 31 and Bi 2 Te 3 nanoplates with native oxide 22 have been found to decrease with decreasing layer thickness to be lower than the corresponding bulk values. It is worth noting that the two opposite trend found in clean suspended graphene versus supported graphene should not be a surprise, because interaction between graphene and another material also results in increased phonon scattering in the graphene layer, which is even more pronounced than that caused by interlayer interaction in graphite because of the different and disordered structure of the material in contact with the graphene.
The MoS 2 samples measured in this work have been prepared with a PMMA transfer layer. It has also been suggested that MoS 2 is much more reactive to O 2 than an analogous atomic membrane of graphene. 32 Besides the possible presence of polymer residue, native oxide is another type of surface disorders that can result in diffuse phonon-surface scattering and decreasing basal plane thermal conductivity with decreasing layer thickness, as found for Bi 2 Te 3 nanoplates exposed to air. 22 Indeed, the as-obtained room-temperature j values of the two samples measured in this work-(44-50) and (48-52) Wm
, respectively-are somewhat higher than the reported value measured by micro-Raman thermometry for an exfoliated monolayer MoS 2 sample prepared with a PMMA-assisted transfer technique, 19 while they are slightly 17 with the boundary scattering lengths assumed to be 200 (green dashed line) and 100 nm (brown solid line), respectively. lower than that of an 11 layer MoS 2 sample synthesized with a vapor-phase transport method. 18 However, it is worth noting that the grain size of the measured samples can be different between samples exfoliated from a natural crystal and samples synthesized by the vapor-phase method. 32 In addition, it can be inaccurate to compare the measurement results obtained from two different methods. Hence, the existing data are insufficient to support a trend of decreasing thermal conductivity with decreasing thickness.
Nevertheless, it is interesting to note that the temperature dependence of the thermal conductivity of the two samples measured in this work can be fitted reasonably well with a theoretical calculation on single-layer MoS 2 reported by Li et al. 17 with a constant phonon-boundary scattering length, l b , in the range between 100 and 200 nm. Although phononphonon scattering rate can be different between single-layer and few-layer MoS 2 , the low-temperature thermal conductivity is dominated by phonon-boundary scattering mean free path, which is, thus, expected to be in the range between 100 nm and 200 nm for the two samples measured here. However, this value is much smaller than the grain size determined from the TEM result and the lateral size of the sample. One possible origin of such a relatively small boundary scattering mean free path is phonon scattering by native oxide, polymer residue, or other disorders on the top and bottom surfaces. Because of the highly anisotropic phonon dispersion in 2D layered materials, a phonon focusing effect can result in a much larger phonon-surface scattering mean free path than the layer thickness (t), 33 with the ratio between the two comparable to the anisotropy ratio a in the group velocities parallel and perpendicular to the basal plane. Hence, considering partially diffuse scattering at the top and bottom surfaces with a specularity parameter (p), 34 we estimate the mean free path for phonon scattering by the top and bottom surfaces as
Based on the reported phonon dispersion of bulk MoS 2 , 35 the group velocity anisotropy ratio a is on the order of 20, which would result in a l b value in the range of 100-200 nm for the four-layer sample with t ¼ 2.5 nm, if p is between 0.3 and 0.6 for the case of partially diffuse phonon-surface scattering.
These measurement and analysis results show that phonon scattering by disorders on the top and bottom surfaces of the suspended few-layer MoS 2 could still play an important role, especially at low temperatures, although phononphonon scattering becomes dominant as temperature increases to be above about 200K . In addition, although the room-temperature thermal conductivity of (44-50) and (48-52) Wm À1 K À1 measured for the 4 and 7 layer MoS 2 samples is smaller than those of graphene and bulk Si, these values are actually considerably higher than those of Si thin films 36 or nanowires 37 of the same thickness. This relatively high basal-plane thermal conductivity of the few-layer thin 2D samples is attributed to the anisotropic phonon dispersion, which yields a phonon-surface scattering mean free path on the order of the sample thickness multiplied by the large anisotropy ratio in the group velocity of the 2D layered materials. It is, however, worth pointing out that this beneficial effect on the basal-plane thermal conductivity of the 2D layered materials can be accompanied by an opposite effect of the anisotropic phonon dispersion on the cross-plane thermal interface conductance, which remains to be studied for few-layered MoS 2 . 
